Abstract In this work, a time-of-flight (TOF) mass spectrometer has been used to investigate the distribution of intermediate species and formation process of carbon clusters. The graphite sample was ablated by Nd:YAG laser (532 nm and 1064 nm). The results indicate that the maximum size distribution shifted towards small cluster ions as the laser fluence increased, which happened because of the fragmentation of larger clusters in the hot plume. The temporal evolution of ions was measured by varying the delay time of the ion extraction pulse with respect to the laser irradiation, which was used to provide distribution information of the species in the ablated plasma plume. When the laser fluence decreased, the yield of all of the clusters obviously dropped.
Introduction
Graphite has been used as plasma-facing components (PFCs) in fusion devices. Plasma neutrals and ions can interact with, and remove, the carbon atoms and carbon clusters to the hot plasma. Particles produced by the plasma wall interaction (PWI) process produce a damage that drastically alters the thermophysical properties of the material. These factors inherently limit both the lifetime of the PFCs and the performance of the devices in which they are applied [1] . The investigation of cluster upon vaporization of graphite is important for studying and controlling the formation of dusts and impurities from the interaction between edge plasma and first wall materials [2] . High-power nanosecond lasers can be used for laboratory simulation of PFC material degradation by high power heat flux [3] . Paris et al. [4] have developed an in-situ experimental method for erosion of layers and deposition on the main wall of a fusion reactor by applying laser-induced breakdown spectroscopy (LIBS) [3−10] . LIBS may provide qualitative and semi-quantitative information of co-deposition and it has many advantages, such as: fast detection rate, no sample pre-treatment and an ability to operate remotely under vacuum or magnetic field conditions. However, there are also some intrinsic shortages, such as relatively low sensitivity when applying LIBS as in-situ diagnostic method for fusion devices. The laser-material interaction process is very complicated and may include normal evaporation or phase explosion process, depending on the applied laser energy density [10] . Therefore, not all of the species can be detected by the LIBS method. In addition, the observations of substantial amount of impurities in the tokamak edge plasma have been reported [11] . However, the generation mechanism of impurities and dust has not been fully understood, partially because of the difficulty in the investigation of active intermediate species in a real tokamak by appropriate diagnosis methods. Therefore, a method which may provide species information of the laser ablation process, especially the dynamic evolution of the clusters, is a necessary complementary method.
In recent decades, time-of-flight (TOF) mass spectrometry has been employed as a powerful technique to investigate carbon cluster formation mechanism [12−14] . Unfortunately, this technique has rarely been used in fusion devices to study laser-ablated clusters formation and control process. This technique is a promising way to investigate the erosion and degradation of PFC materials. Moreover, a full understanding of PFC erosion mechanism could be expected in the future by using a combination of a package of codes that are designed and developed in our lab to simulate dynamics of plasma plume in LIBS.
In the present work we study the mass distribution of positive carbon-cluster ions produced by laser ablation of graphite with 532 nm and 1064 nm laser beams, respectively. We investigate a laser-induced plasma plume from a graphite target under high vacuum conditions using time-delayed extraction of ions to the flight direction of the mass spectrometer. The results demonstrate that both small clusters aggregation and large clusters dissociation process have occurred during plume expansion to form ion clusters in the case of 532 nm laser ablation. The plume is also investigated by measuring TOF mass spectra with varying laser fluence. The dependence of the observed C + n signals on the laser fluence is discussed on the basis of the energetics of cluster formation and fragmentation.
Experimental setup
The configuration of the TOF-MS system is shown schematically in Fig. 1 , which has been described previously [14] . It basically consists of two parts: a laser ablation plasma source and a time-of-flight mass spectrometer. The detailed descriptions of TOF-MS system are given as follows. The whole chamber is pumped by three turbo-molecular pump systems. The pressures of the sampling and the detecting chamber are ∼1×10 −4 Pa and 1×10 −5 Pa, respectively. The target rod (6 mm in diameter) of graphite (99.95% purity, Goodfellow Metal Ltd.) was placed between the extraction field regions. The electric precision XY translation stage is controlled by a LabVIEW based program to move the target rod to get a flesh shot after each pulse. The laser used for sample ablation and direct ionization is a Nd:YAG laser with the pulse width of 8 ns (532 nm and 1064 nm). The laser is focused onto the surface of the sample by a lens with a focal length of 50 cm. The energy of the laser is monitored by a power meter which records a constant fraction of radiation from a beam splitter on the path of the laser. Ions produced from the laser ablation process are extracted and accelerated by an extraction field (pulsed electric field), which consists of three accelerated electrodes. The extraction voltage is 3000 V. The voltage proportions of the three electrodes are adjusted by resistances and rheostats. The voltages of the last two pairs of electrodes for deflecting the collimated ion beam are independently adjustable from 0 V to 100 V. After being extracted from the extraction field, the ions drift through the field free region towards a microchannel plate (MCP) detector. Then, the signals from the MCP are averaged per 100 laser shots by a fast digital oscilloscope (LeCroy WavePro 715Zi, 1.5 GHz bandwidth).
In the present work we employ the time gate method by varying delay time extraction to investigate the timedependent flow dynamics of plume expansion. The results provide clear plume formation information. When the ablated plume was generated in the extraction region of the TOF-MS, the ions were extracted by an extraction filed. By adjusting the time delay relative to the laser pulse, the temporal evolution of plume can be investigated. The delay range is τ d = 0-20 µs and the pulse width is fixed to 3 µs, the delay time step is 1 µs. In this manner, the distribution of the ionic species verse time can be recorded. Every averaged mass spectrum represented a certain different period of the ablation plume as it expands in the vacuum.
Results and discussion
Carbon clusters have been reported to grow through the aggregation of the species in the laser induced plume [15] . Another way of formation was suggested by Bloomfield et al. [16] and Cox et al. who proposed that carbon clusters form via fragmentation of initially formed larger clusters and laser-desorbed carbon dust. The study of temporal evolution of the ablated species during the initial stage of ejection and expansion enriches our knowledge of ablation dynamics.
In order to investigate the temporal evolution of ablated plumes, we employed the pulsed-field time-offlight mass spectrometric technique, which allowed us to plot the intensity of ion signal as a function of the delay time between the laser shot and the extraction field applied to the ion extracting field region. The delay time was varied to demonstrate the temporal distribution evolution of the ionic clusters. Mass spectra of delay time were recorded by referring to different periods of the laser-induced plume as it develops after a laser pulse. This allowed us to investigate the timedependent ion cluster distribution of the ionic species during plume expansion much more clearly.
To our knowledge, the plasma temperatures and electron densities are related to the laser wavelength. The plasma temperatures are the highest for laser beam of 1064 nm among the three cases of 532 nm, 355 nm, and 1064 nm. The electron densities are slightly higher in the cases of 355 nm and 532 nm. The results can be explained by the effect of enhanced ablation rate in the case of shorter wavelength [17] . Our recent work has observed similar phenomenon regarding tungsten [6] . The maximum surface temperature for graphite after ablation is estimated to be around 6000 K [18] for laser fluence F = 1 J/cm 2 , hot particles were suggested to be emitted from the hot surface for laser irradiance of tens GW/cm 2 [19] .
As shown in Fig. 2(a) , TOF mass spectra of laser ablated C + n ion were measured as a function of delay time. When the laser fluence was 1 J/cm 2 only C + and C + 3 were detected. It is noted that the absorption due to inverse bremsstrahlung is negligibly small at low irradiance levels, it was estimated to be lower than 10 −9 cm −1 at several tens GW/cm 2 laser intensity [20] , so we deduced that inverse bremsstrahlung was not the main mechanism in this work. C 2+ was not observed under 1 J/cm 2 fluence (0.125 GW/cm 2 energy density) with TOF-MS. The work of J. Hoffman [21] also showed that the lines of CIII were not observed with approximate ArF laser energy intensity of 0.42 GW/cm 2 . Therefore, we believed that the possibility of cascade ionization was very low. The laser ablation of graphite at high fluence yields atoms and small clusters via direct evaporation of graphite or intense fragmentation of large carbon particles. High ablation laser fluence led to high temperature (∼6000 K) in the plasma plume, resulting in the very high velocity of these small clusters. Consequently, it was very difficult for these clusters to combine into larger ones. A high intensity and sharp peak represent C + was recorded, but mass peak of the C + 3 exhibited a round peak because of a wider velocity distribution in the first micro second, and the peak with a long tail got sharper as the delay time increased. Higher fluence promotes further atomization of the target, resulting in preferential formation of smaller carbon clusters. This supported the fact that the C + generation arose mainly from the prompt ablation of graphite, which was a rapid process, resulting in a high intensity and sharp signal peak. During the first micro seconds, the time-consuming dissociation process of some large neutral clusters may have contributed to the tailed mass peak of the C + , which demonstrates that the dissociation process took place on a time scale of about 1.7 µs. On the other hand, the round peak of C + 3 sustained a wider velocity distribution, which provides more persuasive evidence that some larger clusters undergo fragmentation within the hot plume. In order to clearly demonstrate the temporal intensity evolution of each species, the mass peaks were integrated as a function of delay time, as shown in Fig. 2(b) . This decrease of species density was mainly caused by the expansion of the ejected plume over the space of extracting field region. The sampling is 20 mm away from the edge of extraction field, thus we can roughly calculated the velocity to be 2000 m/s, which was comparable with the result of Ref. [22] .
In Fig. 3(a) , when the fluence decreased to 0.7 J/cm 2 , as the delay time increased some larger clusters C + 5 and C + 7 were observed after the first two microseconds, which were mainly formed through the collision of small clusters. This result supports the fact that the smaller cluster began to aggregate in the hot plume under the condition of moderate laser fluence. As shown in Fig. 3(b) , C + 3 was the dominated cluster, and its integrated intensity was higher than that of other species. Moreover, a decrease of C + intensity was recorded as compared with that shown in Fig. 2(b) , which happened because the lower laser fluence could not provide enough energy for further atomization of the targets. But the hot larger neutral clusters were quite enough to maintain a high level yield of C Fig. 4(a) , as the laser fluence decreased to 0.5 J/cm 2 , plenty of C + n (5≤n≤11) peaks were observed, which supports the fact that small clusters aggregated in the plume through collision. This phenomenon was once observed in the experiment performed with 355 nm Nd:YAG laser by Young-Mi Koo et al [18] . As shown in Fig. 4(b) , the intensity was low at the beginning stage of plasma plume formation. Since at such a relatively low fluence of 0.5 J/cm 2 , most of the species induced directly from the laser ablation were neutral and the temperature was temporarily at a high level immediately after the laser pulse, so it was difficult for the atom or small cluster to aggregate into large clusters at such high velocity. At the same time, due to the high spontaneous ionization threshold (18.7 eV), the probability of C + production is quite limited. The term "spontaneous ionization energy" is defined as the energy needed to generate a C + n directly from the material with a single laser irradiation, which has been calculated by Gaumet [13] and Koo [23] in their work. After the laser ablation process, small ion clusters can aggregate with neutral clusters to form ion clusters (C + n ). Large cluster fragmentation can also contribute to the generation of C + n . Hot clusters induced directly from the target with high thermal energy tend to dissociate to small clusters, which happens because dissociation limit decreases with size. From the delay time of 4 µs on, the intensity began to decrease due to the expansion of the ejected plume over the space of extracting field. As shown in Fig. 5(a) , the mass distribution was similar to the results displayed in Fig. 4(a) and the maximum yield decreases to nearly one-tenth when we decreased the laser fluence to 0.2 J/cm 2 . The maximum intensity was reached a microsecond earlier than the moment for Fig. 4(a) . As illustrated in Fig. 5(b) , C + n (5≤ n ≤11) show an oscillation trend after a delay time of 4 µs. We can ascribe this oscillation phenomenon to the competition of several processes. Small clusters aggregated into larger ion clusters, meanwhile the internal temperature of the ablated larger neutral clusters may become high enough to achieve thermal emission, producing corresponding ion clusters. Both of these processes increased the yield of larger ion clusters. At the same time, the larger cluster was consumed by diffusion into the space. These processes achieved a dynamic equilibrium, resulting in an oscillatory trend of C + 7 , C + 11 . The experiment at laser fluence lower than 0.12 J/cm 2 has not been performed in this paper because the mass peak could not be clearly resolved. In the case of 1064 nm laser ablation, a higher fluence was employed to yield a carbon cluster. No ion signals can be detected with a fluence below 2.8 J/cm 2 . We ablated the graphite at the fluence of 3.3 J/cm 2 , the result is shown in Fig. 6 , and some significant difference is observed from the case of 532 nm. Apparently, we could not simply assume that the larger clusters were aggregated from smaller ones, as in the case of 532 nm laser ablation. Because C + n (4≤n≤9) were barely detected before C + n (11≤n ≤24) were observed, there were no sufficient medium size cluster to undergo aggregation. Thus, in this case the cluster formation mechanism was quite different. We deduced that ion clusters were produced through two different mechanism. One is mainly caused by evaporation and dissociation, during which small ion clusters such as C remained abundant during the entire delay time, which happens because C 3 was the most abundant neutral fragment due to the stability of C 3 and the low ionization potential of C n−3 [24] . During the first few micro seconds, high laser fluence caused atomization and further dissociation, providing sufficient C 3 to collide with fast electron to yield more C + 2 , C + 3 . High laser energy results in high temperature of laser induced species, so these two ion clusters were ejected at a high velocity, which prevents them from colliding to combine into larger particles. So C + 2 and C + 3 maintained a relatively high yield during the plasma formation process. We found that at 3 µs, the small cluster exhibited a decreasing trend, which was enhanced at 6 µs. We deduced that two plasma formation mechanisms coexisted: one was evaporation and dissociation; and, the other was thermal blow up. By the time of 3 µs, the evaporation and dissociation process was already finished. In addition, the species produced in this process expanded in the extraction field, leading to a decreasing trend of C by the process of large ion cluster fragmentation. The thermal blow-up occurred after the laser ablation process was induced by the heat accumulation on the surface of graphite, which lasted for about 20 µs. A similar phenomenon has been observed in the work of Harilal [25] . Moreover, C + n (11≤ n ≤24) peaks were easily observed with short tails, indicating that these ion clusters were formed in a time-consuming process. At a high laser fluence ablation, more photon energy was converted to thermal energy, which caused the particles induced directly from the target to tend to possess more thermal energy. In addition, the dissociation limit decreased with size, thus there was a high possibility for a large cluster to dissociate. The ionization potential of larger carbon clusters is lower than for small clusters. The internal temperature of the ablated large particles would be sufficient to promote spontaneous thermal ionization. As a result, thermionic emission occurs in larger neutral carbon clusters, producing ion clusters as well as slow electrons. Efficient thermionic ionization may take place in large carbon clusters, this may be another persuasive explanation of larger cluster formation at 1064 nm laser ablation. The ablated laser wavelength played an important role in cluster formation by influencing the temperature of species in the plume, which is a critical issue for impurity formation in fusion. 
Conclusion
The laser ablation of a graphite target at 532 nm and 1064 nm has been investigated by a TOF mass spectrometry. The pulsed-field technique was used to characterize the temporal evolution of C + n ions in a laserablated plume. In this study, pulsed-field TOF mass spectrometry provided clear ion cluster distribution at different period of plume formation. Moreover complementary data of LIBS can be given with TOF mass spectrometry, providing more complete information to investigate the cluster formation mechanism.
At low 532 nm the laser fluence of the mass spectra shows peaks that are characteristic of the C + n ions with n = 3-11. We found that by increasing the laser fluence, the cluster distribution was shifted to the low mass region, leading to the occurrence of large clusters fragmentation in the hot plume. High fluence laser produced higher intensity of lighter species, which happened because of atomization, prompt ionization, and further dissociation of large clusters. It was difficult for hot small clusters to combine into large ones because the velocity was too high. As the laser fluence decreased, the production dropped monotonously. In the case of low fluence aggregation, dissociation and thermal emission coexisted. The cluster generation thresholds for 532 nm and 1064 nm wavelength are 0.12 J/cm 2 and 2.8 J/cm 2 , respectively. In the case of 1064 nm ablation, we employed higher laser energy intensity, larger clusters such as C + n (19≤ n ≤24) were clearly observed. We observed that two mechanisms coexisted. On one hand, small ion clusters were produced by evaporation and dissociation, which last no more than 3 µs. On the other hand, heat accumulation led to a blow up, producing large ion clusters as well as C + 2 and C + 3 via fragmentation. In conclusion, formation time, laser fluence, laser wavelength are important parameters in the plume formation of PFC material.
